The Notch signalling pathway is thought to play a key part in controlling the production of sensory hair cells in the vertebrate inner ear via lateral inhibition; but there is disagreement as to which Notch ligands are expressed in hair cells as they develop. We show, using a mouse Delta1:LacZ knock-in as a reporter, that nascent hair cells, but not their neighbours, express Delta1. Expression of Serrate1 (Jagged1), meanwhile becomes restricted to the supporting cells of each sensory patch. Delta1 is also expressed: (a) at early stages, at the site of otic neurogenesis; and (b) in scattered cells of the endolymphatic sac, as is Serrate1. q
1. Introduction
Delta1 expression
Sensory hair cells are essential for hearing, and the question of how their production is controlled is crucial if we wish to understand the causes of deafness or to attempt to treat deafness by inducing hair-cell regeneration. Recent papers have argued that the choice whether to differentiate as hair cell or supporting cell is governed by lateral inhibition: nascent hair cells express a Notch ligand or ligands, and thereby inhibit their immediate neighbours in the developing sensory patch, which express Notch1, from differentiating in the same way (Adam et al., 1998; Haddon et al., 1998; Lanford et al., 1999) . In chick and zebra®sh, cells tentatively identi®ed as the nascent hair cells express the gene for the Notch ligand Delta1 and (in zebra®sh at least) for an additional Notch ligand of the Serrate2/Jagged2 family (SerrateB in ®sh). Recent analysis has shown that mouse hair cells also express Serrate2/Jagged2 and that mice homozygous for a null mutation in this gene have an excess of inner, and to a lesser degree, outer hair cells (Lanford et al., 1999) . In the mouse ear, however, it has been reported that Delta1 (Dll1) is not expressed, as judged by in situ hybridization , suggesting that in the mouse Serrate2/Jagged2 alone is responsible for delivering lateral inhibition from nascent hair cells. We demonstrate, using a Delta1:LacZ knock-in as a more sensitive reporter, that Delta1 is, after all, speci®cally expressed in hair cells of the mouse ear where it may act in parallel with Serrate2/Jagged2, as in the ®sh. In contrast, we ®nd that expression of a third Notch ligand, Serrate1 (alias Jagged1) becomes restricted to the supporting cell layer.
Mice heterozygous for a knock-in mutation that places LacZ under the control of Delta1 cis-acting regulatory sequences are phenotypically normal (Hrabe Â de Angelis et al., 1997). The pattern of LacZ activity in these heterozygotes re¯ects the normal expression pattern of Delta1 (Beckers et al., 1999) , with the proviso that LacZ protein has a longer lifetime than Delta1 mRNA, and thus re¯ects past, as well as present, Delta1 expression. From the patterns seen in somitogenesis (data not shown), we can infer that LacZ remains detectable by histochemistry for 18±24 h after Delta1 mRNA has ceased to be detectable by in situ hybridization, in somitic mesoderm at least.
Between 9 and 10 days post coitum (dpc), Delta1:LacZ/1 mice show LacZ staining in the antero-ventral region of the otic vesicle (Fig. 1A) . This corresponds to the site of neurogenesis, where neuroblasts delaminate to form the VIIIth cranial ganglion (Carney and Silver, 1983) , in agreement with observations in chick (Adam et al., 1998) . By 12.5 dpc, stained cells begin to be detectable in the forming cristae, and by 13.5±14.5 dpc, they are visible in all the vestibular sensory patches (Fig. 1B±E) . The stained cells are identi®able as hair cells by their shape and apical location in the epithelium.
In the cochlear duct, expression is ®rst seen at ,14.5 dpc, before the duct has ®nished elongating. Between 14.5 and 15.5 dpc, cochlear expression is restricted to a single row of cells in a position corresponding to the future inner hair cells of the organ of Corti. This pattern is seen both by in situ hybridization with a Delta1 probe and by LacZ histochemistry (Fig. 1F,G) . By 16.5±17.5 dpc, expression is visible in an additional three parallel rows of cells corresponding to the future outer hair cells (Fig. 1H±J ). Cells¯anking these presumptive inner and outer hair cells appear not to express Delta1 (by either detection method) at any stage. This argues against a role for Delta1 in singling out hair cells within a prosensory equivalence group, but is consistent with a role for Delta1 as mediator of lateral inhibition delivered from the nascent hair cells to their neighbours.
The LacZ reporter reveals that Delta1 is also expressed, up to at least 17.5 dpc, in scattered cells in the lining of the endolymphatic sac ± a site of expression not previously reported (Fig. 1K,L) . The fate and function of this subset of endolymphatic cells remain unclear.
Serrate1 expression
In the mouse ear, as in the chick ear (Adam et al., 1998) , expression of Serrate1 marks the future sensory patches (Fig. 2) . All the cells within the prospective patches appear to express this gene. Serrate1 expression continues in the sensory patches from before 13 dpc to at least 17 dpc, but disappears in the nascent hair cells as these begin to express Delta1 and take up their apical positions in the developing sensory epithelium (Fig. 2A±E) . Thus, by 17.5 dpc, Serrate1 expression is restricted to the supporting cells of each of the sensory patches.
We also observe scattered Serrate1-expressing cells in the endolymphatic epithelium ( Fig. 2A) ± possibly the same cells that express Delta1.
In the developing cochlea, Serrate1 expression shows an additional dynamic feature: it initially extends throughout the developing sensory epithelium (Ko Èlliker's organ), then becomes restricted to the immediate neighbourhood of the nascent hair cells, and later still (by 17.5 dpc) expands to cover a region that seems to correspond to the supporting cells of the future organ of Corti (Fig. 2F,G) . Interestingly, levels of Serrate1 protein (as seen by immuno¯uorescence) are elevated in the supporting cells immediately adjacent to the hair cells (Fig. 1M) . In vestibular patches, Serrate1 protein is distributed evenly throughout the supportingcell population (Fig. 1N ).
Materials and methods
Noon on the day a vaginal plug was observed was taken as 0.5 dpc. Embryos were cryosectioned and prepared for in situ hybridization as in Myat et al. (1996) . The Serrate1 and Delta1 in situ hybridization probes were as in Mitsiadis et al. (1997) and Dunwoodie et al. (1997) . The Delta1:LacZ mice were as described in Hrabe Â de Angelis et al. (1997) . LacZ activity was detected as in Whiting et al. (1991) , placing cryosections in X-gal staining solution overnight at 378C. Cryosectioning and immuno¯uorescence were as in Adam et al. (1998) . Double labelling was performed using rabbit polyclonal anti-b gal antibody (55976-Cappel) and goat anti-human Serrate1/Jagged1 polyclonal antibody (C-20 SantaCruz Biotechnology), detected with Texas-Redconjugated donkey anti-rabbit and FITC-conjugated donkey anti-goat secondary antibodies.
